Background: Biomass selection integrates heterogeneous variables such as fuel composition, fuel morphology and operating conditions. One important challenge in fuel selection field is to determine the influence of each individual variable in the combustion process to obtain the most efficient energy.
Background
The widespread use of biomass for power generation has led to the expansion of the types of fuels used. These types of fuels are highly versatile when undergoing energy conversion treatments and differ significantly from each other in efficiency [1] . Although various thermochemical processes can obtain energy from biomass, combustion is the most widely used [2] .
Research related to the combustion of biomass focuses on improving both the properties of the fuels and the characteristics of the boilers [3] . Thus, many projects have attempted to validate mathematical models of biomass combustion processes based on experimental data obtained from experimental plants [4] . Fixed-bed combustion technology is the most widely used because of its simplicity [5] .
The main influences on the combustion process have been determined by research conducted in experimental plants and can be grouped into the following: fuel composition, fuel morphology and operating conditions [6] . No single criterion can be used to select the best fuel performance due to the multitude of influential parameters in the fixed-bed combustion process [7] . The ignition front velocity, the air mass flow rate and the maximum temperature reached are the most influential variables in the operating conditions [7, 8] . Both variables depend on the air flow injected on the bed. In this context, determining the influence of each individual variable in the combustion process to select the most efficient fuel is a primary research focus [8] . The problem with determining combustion process of influential variables lies with the fact that parameters are interrelated. That is, it is a multi-criteria decision-making problem [9] .
Thus, most papers published on this issue are based on statistical techniques such as multivariate data analysis [10] or mathematical models of dependence [11] [12] [13] . These multi-criteria decision analysis methods are used as tools for the classification and selection of the best alternative amongst a set of options. However, these analysis techniques have the disadvantage of requiring a minimum quantity of data for application, and for technical or economic reasons, this requirement cannot always be met. Therefore, grey relational analysis (GRA) was proposed [14] for accommodating inadequate data systems and solving decision-making problems in which there are multiple interrelated criteria [15] . This tool has been largely applied to multi-criteria decision-making problems in addition to energy systems, both the fuel selection and combustion process analysis [16] [17] [18] [19] .
In the biomass combustion process, several variables are optimised in opposite directions (i.e., minimise the maximum temperature and maximise the ignition mass flux), which leads to increased difficulty in multi-objective processes. In these cases, no single best alternative exists [20] . Grey relational analysis classifies different input sequences by determining the grey relational grade (GRG) [21] . Higher GRG values indicate better alternatives. Moreover, GRA may process a large number of variables independent of the measuring units [22] .
This method facilitates the selection of the best alternative because it optimises a single GRG rather than multiple parameters. In addition, GRA identifies the factors that significantly influence the process [18] . However, the GRA does not consider the uncertainty in the measurements [23] . This omission can lead to confusion from similar GRGs measured at different positions or find that the GRG is uninteresting because of its high variability. In this study, the GRA is applied by selecting the best biomass fuel using the minimisation of the maximum temperature and the maximisation of the ignition mass flux as criteria. Experimental data are subject to measurement error; thus, the variable measurement error should be considered to determine how the error propagates through the operations [24] . Otherwise, factors that also influence the GRG may be not be considered, which could affect the GRG interpretation and selection [23] .
Methods

Experimental plant
The experimental plant (Figures 1 and 2 ) and the subsequent discussion indicate that the results of this study are based on data presented by our research team [5] . The burner is a cylindrical steel tube with a diameter of 20 times the particle size to avoid edge effects resulting in the emission of product gas directly to the atmosphere [25] .
Along the tube, 12 type-K thermocouples are installed and distributed helically. The time required to reach a predetermined temperature between two adjacent thermocouples is used to calculate the velocity of the ignition front. The distances between the thermocouples are known with an associated uncertainty in both the temperature and position. Data from first and final thermocouples are rejected because in the first thermocouples the initial combustion phase is unstable and in the last thermocouples resonance phenomena appear [25] . The fuel is introduced in batches, forming the fixed bed. Each test is developed with a single fuel charge. The different air mass flow rates are supplied by a centrifugal fan and controlled by a flow meter. Figure 1 provides scheme of the tube. The plenum located on the tube is designed to ensure that the air flow in the output grate is homogeneous and completely developed.
Fuels
Seven different types of biomass found in southern Europe [26] were selected to include as many experimental parameters as possible (for a more detailed description, see [5] ) ( Table 1) . Five of them are pelletised fuels; two are mixed woods (wood pellet type 1, wp1, and wood pellet type 2, wp2). Two were derived from energy crops (brassica pellet, bp, and poplar pellet, pp), and one is made from municipal solid waste (rdfp). In addition, almond shell (as) reclaimed from the nut industry and olive stone (os), whose morphology is similar to a pellet but its composition and combustion behaviour are different, was used.
The immediate analysis ( Figure 3 ) shows similar water content for the pellets (6% to 9.8%) except in the refusederived fuel pellet (rdfp) (17.9%), which is due to its origin and manufacturing process. The highest ash content levels were found in refuse-derived fuel pellet and the brassica pellet (13.4% and 7%, respectively), while the lowest ash contents were found in the almond shell and olive stone (0.6% in both cases). The minimal air requirement range varies from 4.39 (rdfp) to 6.96 (wp2). Wood pellet #2 also has the highest low calorific value 18:3⋅ MJ kg and the lowest concentration of oxygen in the equivalent molecule (0.55 mol oxygen per mol carbon). In terms of particle size (Er), lowest values were found in wood pellet #1.
Variables
Fixed-bed combustion process is influenced by multiple parameters [7] . This process complexity means that there is no single criterion for fuel selection. Thus, studies need to focus on a small number of variables. The main parameters influencing the process have been identified in the literature as the maximum temperature, air excess and ignition mass flux [6, 7] . These parameters Figure 2 Detailed image of the joint between the plenum and the bottom tube base. 
Ap
; V p volume of the characteristic particle (m provide information regarding fuel composition, morphology and the characteristics of the bed. These studies found that air excess is directly linked to the ignition mass flux and to the maximum temperature [13] . The fixed-bed combustion process is influenced by characteristic fuel-dependent parameters. The most important are as follows [11, [27] [28] [29] :
Particle size and shape Water, volatile and ash content Particle density, packing density and total porosity of the bed Calorific value Specific heat and thermal conductivity
The biomass parameters were considered constants for the purpose of this investigation, establishing that the packing density depends only on the particle size and shape [6] .
The ignition mass flux (fuel mass burned) and the maximum temperature are dependent on the supplied air flow, which is controllable during the tests. Thus, the air mass flow rate is not used to calculate the GRG. In other words, the sequences analysed are combinations of the ignition mass flux and the maximum temperature. Furthermore, because the aim of this study is to choose the bestperforming fuel regardless of its composition or calorific value, other parameters need not be considered. A goodperforming fuel is generally one that achieves a high ignition mass flux with a low maximum temperature to avoid slag problems due to ash melting [30] , which hampers the diffusion of the species and reduces the energy of the bed. However, the risk of ash melting is difficult to quantify because it is influenced by the temperature and other uncontrollable variables [31] . It is important to emphasize that ash melting temperature was not reached during fuel tests. On the basis of the above, the GRA may provide a useful tool for choosing a fuel based on its performance.
Experimental methodology
The experimental procedure may be summarised in the following steps [25] with the goal of avoiding the influence of other factors that could add additional uncertainty to the process. These eight procedures were rigorously followed during each test:
1. Move the combustor to the test area. The work module is connected to the power and control module through the air supply tube. 2. Place the grate at the bottom of the tube, and fill the tube with a fuel batch. 3. Introduce the thermocouples in their seatings, and ensure that they are straight and in the correct order. 4. Install the ignitor, and connect the temperature transducer power cables and the data bus. 5. Start the control panel and the data acquisition system. 6. Switch the ignitor feeding on, and start the test. 7. Remove the thermocouples from their seatings as the ignition front advances to protect them from the high temperatures. Once a thermocouple is removed, a hand-held probe is introduced in its seating to determine if the maximum ignition front temperature was reached. 8. Once the ignition front has run through the entire tube and the remains have been burnt over the grate, the test is complete.
Grey relational analysis and error propagation Grey relational analysis
The GRA method may be summarised into four steps:
Step 1 Data normalisation The first step in GRA is to normalise the measurements in the range between zero and one. To do this, reference sequence must be defined (the smaller-the-better or the larger-the better: Equations 1 and 2, respectively). The purpose of this pre-processing is to obtain dimensionless variables to compare the different sequences. It should be noted that variables are expressed in different units and scales.
A grey system with a set of I variables has y i dependent factors; the J original measurement sequences may be normalised using the following expressions:
If larger is the better:
If smaller is the better:
For a given value of i, extreme values are achieved in the measurements y i;m i ¼ min j y i;j and y i;M i ¼ max j y i;j to yield x i;m i ∈ 0; 1 f g and x i;M i ∈ 0; 1 f g Step 2 Grey relational coefficient After grey relational generation, the next step is to calculate the grey relational coefficient using Deng's formula as follows:
in which ζ represents the distinguishing coefficient (0 ≤ ζ ≤ 1). x i,0 is the normalised ideal result of the ith variable and consequently, x i,0 ≥ x i,j ; j = 1, …, J.
The grey relational coefficient range will compress depending on the value of the distinguishing coefficient [20] .
Step 3 Grey relational grade The grey relational grade (GRG), γ, is calculated based on the average of the grey relational coefficients.
The GRG expresses the degree of correlation between the reference sequence (larger-the-better or smaller-thebetter) and the comparison sequence [32] . The best alternative is selected based on the grey relational grade (GRG) value.
Step 4 Grey relational rank
Once the GRG is calculated, the different sequences are ranked according to their GRG values. Higher values indicate better options [33] . That is, the higher the GRG is, the more similarity exists between the reference sequence and the compared sequence.
Optimisation criterion
The grey theory is applied in this study to select the best fuel and air flow rate configuration. The best configuration is that which has the highest ignition mass flux with the lowest maximum temperature.
The fuel selection criteria depend on the combustion process, thus requiring multiple selection procedures. The analysed factors were the composition, the morphology and the supplied air mass flow rate. The systematic and statistical uncertainties associated with measuring processes are considered in calculating the GRG. The total uncertainty is the quadratic sum of the systematic (nominal) and statistical (associated with uncontrollable parameters) uncertainties:
. Within the total uncertainty, the uncertainty associated with the uncontrollable factors is shown to have a greater weight than the nominal uncertainty, in terms of both time and space [34] . The straightness of the thermocouples is an important parameter for calculating both the ignition front velocity and the maximum temperature. A thermocouple tip deflection may result to variable distances between the thermocouples, and this could cause variations in the ignition mass flux value because temperature waves could reach the thermocouple at different points. Thermocouple tip deflection was analysed; the average variability in the positioning is 2.06 mm [25] . The uncertainty in the process is also affected by the time variable because data signals are sent every 4 s, while the thermocouple temperature time adaption requires less than a second. Thus, the limiting factor is the sampling time and the uncertainty may be expressed as Δt ¼ Δ t AE 4 s [25] . Once the tests are performed and the uncertainties estimated, the uncertainty propagation can be calculated for each GRG to obtain the grey relational grade error (GRGe). The GRG value is not affected by the GRGe, but the GRGe provides additional information to facilitate the decision-making process.
Error propagation
To be thorough, measurement results should include information regarding uncertainty [35] . The uncertainty associated with a measurement represents the disparity between the measurement result and the actual measured value. Despite the importance of this parameter, it is not always quantified.
The EPT evaluates and quantifies how uncertainty in an input measurement is propagated to the final results.
As the error associated with a variable combines other variable values, the error may not be calculated as the sum of the uncertainties in the constituent terms because the error would be overestimated. The error propagation theory allows one to know the error associated with the GRG, considering that the GRG is computed by averaging the grey relational coefficient corresponding to each process response. The error associated with the GRG calculation (GRGe) is determined by the following equation [22] :
in which σ(ξ k,j ) represents the grey relational coefficient error that depends on the error in initial uncertainty of the measurements and ρ(ξ i,j , ξ k,j ) is the correlation coefficient. Grey relational coefficient error quantifies how the initial uncertainty is propagated through the 
GRG ( ) and GRGe
(dimensionless values) Figure 5 The GRG rank, GRG and GRGe values for seven fuels. Almond shell, brassica pellet, olive stone, poplar pellet, refuse-derived fuel pellet, wood pellet type 1, and wood pellet type 2. The GRGe is represented by the bars. calculations. It is important to remark that the GRG error is the result of the sequential calculation. That is, GRG error is determined from experimental data: input variable error propagation. Thus, the error propagation theory is an additional tool for GRA (Figure 4 ).
Results and discussion
The results presented herein are based on 43 experimental tests: eight almond shells (as), six brassica pellets (bp), five olive stones (os), five poplar pellets (pp), eight refuse-derived fuel pellets (rdfp), five wood pellet type 1 and six wood pellet type 2. After all GRGs and GRGes have been calculated, the data are sorted according to the GRG value ( Figure 5 and Table 2 ). The high GRGe values in the sequences are due to the uncertainty and values of the variables. Figure 5 shows the GRG rank indicating that the wp1 is the best option as confirmed by the fact that GRGe associated with the first wp1 GRG is sufficiently small. Figure 5 indicates that best fuel performances come from those in pellet form. This result is consistent with the literature research on the influence of morphology on the ignition mass flow rate [27] . The references also found that a small particle size is associated with a rapid devolatilisation and that spherical particles are linked with tighter packing. Bed porosity is affected by size and shape of the particles. Maximum ignition front propagation registered by wood pellet type 1 is based more on the small size particle, rather than the shape (sphericity).
Furthermore, pellet fuels have higher adiabatic temperatures [5] .
In the specific case of the best alternative, wp1, the low water and ash content, together with and a small particle size and the characteristics of pellet fuels (high LHV and adiabatic temperature) caused the high GRG values that are consistent with those found in the literature [5, 25, 36] . This fact indicates that there is an inverse correlation between ash content and heating value, because the ash does not contribute significantly to the overall heat released [37, 38] . Figure 5 also demonstrates that olive stone behaves similarly to the pellet-shaped fuels likely because the olive stone morphology is similar to that of the pelletshaped fuels [5] .
When data were analysed based on GRG + GRGe (Table 2) , the order changes. This is because of the air excess coefficient influence. That is, the higher air excess coefficient used is, the worse combustion process efficiency is [39] . Previous works found that if oxygen supply increases, ignition mass flow increases until the reaction-limited mode is reached. This boundary line is defined by air excess. Moreover, air mass flow is a key factor to define and identify the combustion process regime. Three regimes were identified in fixed-bed combustion process: oxygen-limited mode, reaction-limited mode and extinction phase [40, 41] . Best combinations attending GRG + GRGe criteria belong to reactionlimited mode, where maximum ignition flow values were reached. This phase is characterised by increasing primary air supply. In this regime, the ignition mass flow is controlled by the oxygen supply to it [40] . Optimal combustion conditions occur in the substoichiometric zone, because maximum rates are always reached under fuel-rich conditions [40] . As can be expected, optimal point conditions are a function of the fuel type.
It is important to point out the effect of maximum temperature uncertainty. Analysing changes in data order between the GRG rank and the GRG + GRGe rank, it is found that best alternatives are not related with points where highest maximum temperature values are obtained. This is due to the fact that maximum temperatures were registered with portable thermocouples which precision is reduced due to variability of the fit of thermocouples in their seatings.
Most of the studies on this subject indicate that the supplied air mass flow is the most important operative parameter [6] .
The air mass flow range differs depending on the fuel because the ignition front is extinguished when certain air mass flows are applied. Thus, fewer sequences were examined in certain fuels such as olive stone or wood pellet 1. In order to compare fuel performance under the same conditions, a common air mass flow was selected 0:352 kg m 2 s : Figure 6 indicates that wp1 remains the best option due to both the high GRG and to the small GRGe values. No significant changes in the rankings have been identified. The rdfp is clearly the worst option because of the tendencies exhibited in Figure 5 . This variable rdfp behaviour is mainly due to its high water content that decreases the ignition mass flow velocity [25] . However, the water content does not affect the maximum temperature of the bed.
Thus, one can conclude that the fixed-bed combustion process is influenced by parameters that depend on the characteristics of the fuels. However, these parameters are interrelated, so selecting the best-performing fuel is difficult because their individual effects cannot be isolated and evaluated. Thus, the GRG + GRGe rank serves as a criterion for multi-objective decision-making.
Conclusions
In conclusion, this paper proposes and supports the effectiveness of the grey relational analysis and error propagation theory for making quick and easy decisions regarding fuel performance. The influence of operational parameters and fuel properties were analysed. The rank of the grey relational grade shows that morphology is a key factor on the combustion efficiency. The smaller size particle, the more bed porosity and heat transfer. In contrast, high water content in fuel composition is associated with low mass flow of ignition. However, the humidity does not affect the maximum temperature reached in the bed.
Fuel optimal conditions belong to the sub-stoichiometric regime. This fact reflects the importance of the adverse effect of convection counterflow fixed-bed combustion. Two value zones are distinguished in the GRG rank: sub-stoichiometric regime zone and excess air regime zone. This is due to the maximum combustion velocities that are reached in fuel-rich conditions. Naturally, the optimum point depends on the fuel analysed.
Besides, ignition mass flow, the other study parameter, is a function of air mass flow. Moreover, maximum temperature measurement uncertainty influence has to be considered on optimal fuel performance.
That is, air supply injected on the bed basis and size particle are the most influenced variables on the combustion. As can be expected, the ignition mass flux correlates greater with the size particle than with the air mass flow in order to select the best fuel combustion performance.
Abbreviations AE: air excess; AMf: air mass flow; as: almond shell; bp: Brassica pellet; EPT: error propagation theory; GRA: grey relational analysis; GRG: grey relational grade; GRGe: grey relational grade error; GRGv: grey relational grade variation; IMF: ignition mass flux; IFMrc: ignition mass flux relational coefficient; IMFn: ignition mass flux normalised; IMFU: ignition mass flux uncertainty; IMFvn: ignition mass flux variation normalised; IMFvrc: ignition mass flux variation relational coefficient; LHV: low heating value; MT: maximum temperature; MTn: maximum temperature normalised; MTrc: maximum temperature relational coefficient; MTU: maximum temperature uncertainty; MTvn: maximum temperature variation normalised; MTvrc: maximum temperature variation relational coefficient; os: olive stone; pp: poplar pellet; rdfp: refuse-derived fuel pellet; wp1: wood pellet type 1; wp2: wood pellet type 2.
